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members of the l integrase family of site-specific
recombinases have provided insights into the cis
versus trans action of active site constituents, and the
processes of synapsis and strand exchange.
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After years in the structural wilderness, the integrase
family of site-specific recombinases has emerged in a
blaze of glory. This year, no fewer than four papers [1–4]
have been published describing structural aspects of
members of this family, starting with the grandfather of
them all, the phage λ integrase. The last of these four
papers [4] reports the holy grail of this area of endeavour
— a description of the site-specific recombinase Cre
bound to its DNA substrate lox, not just in a synaptic
complex but caught in the very act of strand exchange.
Conservative site-specific recombination (see Box 1) is a
ubiquitous process used throughout biology for integra-
tion, excision and inversion of specific DNA elements
[5,6]. First discovered through studies of the formation of
lysogens by bacteriophage λ, it encompasses systems for
monomerization of bacterial and plasmid chromosomes
(essential for their stable inheritance), resolution of trans-
position intermediates, acquisition of drug resistance
genes, alternation of gene expression (as in salmonella fla-
gellar phase variation) and fusion of silent gene cassettes
into a functional gene.
The structural problems posed by site-specific
recombination are fascinating, and many questions raised
by extensive biochemical studies beg for a structural
answer. What is the structural disposition of the catalytically
critical residues and how do they assemble with the target
of their attack — the phosphodiester at the point of
exchange? How do the recombinases bring together the two
recombinational partners in a synaptic complex? How does
formation of the synaptic complex activate and co-ordinate
DNA cleavage, and what keeps the complex with a single
DNA catalytically quiescent? Are the DNA partners in the
synaptic complex sufficiently close to one another that
recombinant joints can be formed by modest movements of
DNA ends without gross rearrangements of the nucleopro-
tein complex, or are large movements of protein subunits or
domains required to mediate strand exchange? For the
resolvase family, crystallographic studies of γδ resolvase
complexed with a single recombination site [7] have
yielded some answers, but the processes of synapsis and
strand exchange remain shrouded in mystery. 
Now it is the turn of the integrase family and, with the
latest publications, this family has leap-frogged to the fore.
The first three structures solved were those of the cat-
alytic domains of the integrases of phages λ and HP1 [1,2],
and XerD [3], one half of the Escherichia coli XerCD
recombinase that reduces chromosomal or plasmid dimers
to monomeric units separable at cell division. Analysis of
these structures, which lack DNA substrates, has focused
on the active site constituents and, in particular, on the cis
versus trans debate, as explained below [8,9].
The defining feature of the integrase family is the tyrosine
nucleophile in combination with a totally conserved set of
basic amino acid residues (two arginines and a histidine)
known as the ‘RHR triad’. These residues are essential for
full recombination activity; the RHR triad was proposed to
activate each scissile phosphate for attack by the tyrosine
hydroxyl. The simplest model for the active site is for all
four residues of a single recombinase to assemble around
the scissile phosphate within the recombinase binding
site. In such a model, the active site could be described as
‘monomer autonomous’ and cis acting. 
Biochemical studies of the FLP recombinase, however,
led Jayaram and colleagues [10,11] to propose a more
complex model. Their results indicated that each FLP
active site includes components from two FLP monomers;
although the RHR triad is provided in cis by the monomer
bound closest to the scissile phosphate, the tyrosine is pro-
vided in trans by a different monomer bound elsewhere.
This question was quickly addressed in two related
systems — λ integrase [12] and XerCD recombinase [13]
— and led to the simpler conclusion that, in these cases,
the tyrosine nucleophile and the RHR triad are all pro-
vided in cis. Very recently, however, an investigation of
Cre has suggested that its tyrosine acts in trans [14]. This
is perplexing enough to those in the field [8]; what should
the rest of us believe? Are some of these results mislead-
ing or do different members of the family act in different
ways? Is it even possible that, depending on the design of
the experiment and the choice of mutant protein, a partic-
ular recombinase can work either way? 
Of the first three recently determined structures, two —
those of HP1 integrase and XerD — have provided strong
support for a monomer-autonomous active site [2,3]; the λ
integrase structure was much more ambiguous [1]. In all
three structures, the RHR triad formed a compact cluster,
consistent with its proposed catalytic role (Figure 1). In
HP1 integrase, the triad encircled an ordered sulphate ion,
which in turn was hydrogen-bonded to the tyrosine nucle-
ophile (from the same polypeptide chain), probably mim-
icking the binding of the scissile phosphate. In XerD, the
tyrosine was also very close to the RHR triad, but its
hydroxyl was buried in the protein interior; a simple side
chain rotation could potentially place it in a suitable posi-
tion for catalysis. 
Despite the similar placements of the tyrosine residues rel-
ative to the RHR triad, the protein folds responsible were
remarkably different (Figure 1b). HP1  integrase and XerD
(and λ integrase) catalytic domains have very similar back-
bone structures up to the end of the α helix that contains
the final (HR) portion of the triad. At that point, the struc-
tures diverge and, as a result, the tyrosine is delivered to the
active site on an short α helix running from right to left in
HP1 integrase (in Figure 1b), but on a long α helix with the
opposite polarity in XerD. In λ integrase, this carboxy-ter-
minal region is even more different, as it seems the tyrosine
(actually a phenylalanine in the crystallized protein) would
be much more able to act in trans than in cis — the residue
lies on an edge of a β sheet, far from the RHR triad of either
monomeric unit in the crystal. The flexibility of this
residue’s connection to the rest of the protein (the preced-
ing eight residues were disordered), however, suggested
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Box 1
Conservative site-specific recombination.
Site-specific recombination is an entirely
conservative process. It is distinct from,
and should not be confused with, DNA
transposition, even though both occur by a
breakage–reunion reaction. The opportunity
for confusion is compounded by the fact
that both processes share a common
terminology and, worse, some
‘transposons’ insert and excise using a site-
specific recombination mechanism,
whereas some viral ‘integrases’ (those of
the retroviruses) are really transposases. 
In site-specific recombination, all DNA
strands that are broken (two per exchange
site) are rejoined in a process that involves
neither ATP nor DNA synthesis. To achieve
this, DNA strands are broken not by
endonucleolytic action, but rather by direct
phosphoryl transfer to a side chain of the
recombinase, to form a covalent
recombinase–DNA intermediate on one
side of the break and a free hydroxyl group
on the other, in the manner of a DNA
topoisomerase. Reversal of the process
releases the recombinase and reseals the
DNA to produce recombinants.
Transposition, by contrast, is a process that
leaves breaks in DNA that require repair
[22]. Transposases (including those called
integrases, such as HIV-1 integrase) cleave
endonucleolytically at each transposon end.
While the 3′ OH ends act as the
nucleophiles for the target cleavage/joining
reaction, the 5′ ends of the donor DNA
flanking the transposon remain free, as do
the 3′ ends of the cleaved target, until
degraded or acted upon by cellular repair
enzymes. 
The vast majority of site-specific
recombinases fall into two distinct groups
[6]: the integrase family, named after the
prototypical phage λ integrase, and the
resolvase family, named after the
cointegrate-resolving protein encoded by
the transposons γδ and Tn3. The integrase
family includes λ and many other phage
integrases, phage P1 Cre, the bacterial
proteins XerC and XerD, and the FLP
protein encoded by the yeast 2 µm
plasmid. The resolvase family includes most
transposon-encoded resolvases and the
DNA-invertases such as Hin and Gin.
These two families are unrelated in protein
sequence or structure, and employ different
recombinational mechanisms, as illustrated
in the Figure.
(a) λ integrase and its relatives make
ordered and sequential pairs of single
strand exchanges between the two
recombinational partners; the first pair of
exchanges form a four-way Holliday
junction, the second pair resolve the
junction to complete the recombination.
The nucleophile used for cleavage and
formation of the covalent
recombinase–DNA intermediate is a
conserved tyrosine (YOH). The cleavage
sites on each DNA duplex are separated by
6–8 base pairs with a 5′ stagger, and the
tyrosine joins to the 3′ phosphate. (b) γδ
resolvase and its relatives make double
strand breaks in both recombinational
partners, then exchange ends and rejoin
them. The resolvase nucleophile is a serine
(SOH) and it cleaves the DNA at sites that
are separated by 2 base pairs with a 3′
stagger, attaching to the 5′ phosphate. 
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that the nucleophile could be delivered either in cis or in
trans to an active site on substrate binding. 
The most recent structure, that of a synaptic complex
formed by the association of two Cre-bound lox sites,
raises our structural understanding to another level [4]. No
more models and hypotheses — now we see a snapshot of
recombination in action, and what a pretty picture it
makes. Van Duyne and colleagues [4] used a suicide sub-
strate for the crystallography, with a nick one base 3′ to
the cleavage site [15]. After cleavage and attachment of
the tyrosine to the 3′ phosphate (as happened to one
strand of each lox site in the crystal), the resulting
mononucleotide diffused away, leaving a 5′ end one base
too short to act as the attacking nucleophile in the next
phosphoryl transfer step. At that point, the complex was
‘frozen’ in the crystal and was captured by the X-ray
beam, poised for formation of the first recombinant joint
and Holliday structure. 
The Cre–lox structure provides two complementary views
of the active site (Figure 2a). In one, it is clustered around
the tyrosine–DNA phosphodiester bond; in the other, it
approaches the DNA scissile phosphate (but in an inactive
configuration) [4]. Three important points are established
by these views. First, all components of the Cre active site
are provided unambiguously in cis (despite the report that
the Tyr324 nucleophile of Cre acts in trans [14]). Second, a
fifth residue, Trp315 — in addition to the tyrosine and the
RHR triad — is identified as an active participant. This
residue is hydrogen bonded to a non-bridging oxygen of
the scissile phosphate. (In other integrases, the residue
equivalent to Trp315 is most often a histidine; in HP1
integrase, His306 is a ligand of the ordered sulphate ion
[2], indicating the general importance of the side chain at
this position.) Third, comparison of the two active-site con-
figurations provides a molecular explanation for the obliga-
tory stepwise process of recombination — exchange of the
first pair of broken strands must be completed before
cleavage of the second pair can be initiated. The structure
shows that, although the scissile phosphate of the unbro-
ken DNA strand is coordinated by the two arginine
residues and Trp315, a concerted shift of the α helix carry-
ing Tyr324 has moved the nucleophile out of range (it is
now hydrogen bonded to the upstream (5′) phosphate). 
The overall form of the synaptic structure provides
perhaps the biggest surprise (Figure 2b) [4]. The two lox
sites are bent at about 100° and paired in antiparallel
configuration, with the outside of the bends facing each
other, giving the appearance of a square planar Holliday
junction (but lacking the cross-strand connections), with a
pseudo four-fold symmetry. This DNA structure differs
from that expected from solution studies of Holliday junc-
tions — the antiparallel, stacked ‘X’ structure [16] — and
is achieved by a cyclic tetramerization of the four Cre sub-
units. Instead of the expected symmetrical head-to-head
dimeric arrangement (as seen, for example, in the dimers
of HP1 integrase), each lox site in the complex is bound by
a head-to-tail dimer (or, to provide a better analogy, a
‘hand-grasping-wrist’ dimer, leaving one hand and one
wrist free for pairing the two sites). 
Remarkably, the tertiary structure of the carboxy-termi-
nal portions of Cre and HP1 integrase are very similar
and both play a pivotal role in protein–protein interac-
tions, yet the resulting oligomeric arrangements are com-
pletely different (compare Figure 2b,c) [2,4]. The cyclic
tetramer arrangement was actually proposed previously
by Cox and colleagues [17] for the trans-acting FLP
Figure 1
(a) Surface representation of the catalytic domain of a ‘generic’
integrase (HP1 integrase), clipped at the extreme carboxyl-terminus.
The blue patch indicates the RHR triad. (b) Similarly oriented views of
the carboxy-terminal portions of the catalytic domains from the four
integrase structures that have recently been reported [1–4]. The
segments shown run from the α helix containing the HR residues of
the triad to the carboxyl terminus. In addition to the RHR triad (blue)
and the tyrosine nucleophiles (red), other likely catalytic residues are
shown: His306 (plus the sulphate ion) for HP1 integrase, and Trp315
for Cre. Note the similarity between HP1 integrase and Cre, and the
very different folds of this portion of XerD and λ integrase. For further
discussion see text. 
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recombinase to explain the requirement for three FLP
subunits (rather than four or two) to perform one pair of
strand exchanges, but their proposal received little
support. It is also notable that an unrelated and struc-
turally dissimilar protein, RuvA, which binds to pre-
formed Holliday junctions, exhibits the same overall
subunit arrangement and is proposed to bind its substrate
in the square planar configuration [18].
The synaptic structure provides a remarkable picture of
how strand exchange is likely to occur (Figure 2b) [4].
On each cleaved strand, the tyrosine-linked 3′ nucleotide
is still fully base paired and stacked on its 5′ neighbor. At
the 5′ side of the cleavage site, however, three bases
have become unpaired — the most 5′ of these was lost as
a result of the use of the suicide substrate — and are
seen to be heading across the junction towards the tyro-
sine-linked 3′ end of the recombinational partner. Mod-
eling indicated that, within the observed Cre–lox
framework, the two 5′ nucleotides can potentially form
base pairs with the unpaired bases of the complementary
(and unbroken) strand of the recombinational partner,
assuming a position appropriate for attack of the tyro-
sine-linked 3′ end. 
Presumably, once the first pair of strand exchanges has
been completed, releasing the initiating pair of Cre sub-
units, there is a modest adjustment of the complex,
perhaps involving a 1–2 base branch migration, which
shifts the center of the lox bend back across the center of
the overlap region. This would move the newly released
pair of tyrosine residues into the inactive configuration
and shift the second pair the ~3 Å required to attack the
cleavage point of the other DNA strands and resolve the
Holliday intermediate. Thus, complete strand exchange
could be achieved within the observed synaptic structure
without any major rearrangements: an elegantly parsimo-
nious solution to a complex topological problem. The
melting and swapping of the 5′ ends is almost exactly as
proposed in a recent strand exchange model by Landy and
colleagues [19]. The main difference between their model
[19] and the structural one of Guo et al. [4] is the proposal
in the former for a major isomerization step — changing
the stacking interactions of the arms of the Holliday junc-
tion — before the second pair of strand exchanges. Such a
step appears to have been largely bypassed by building a
synaptic structure similar to the ‘transition state’ that the
proposed isomerization would have passed through — a
not uncommon feature of enzyme–substrate complexes.
Figure 2
(a) The two conformations of the Cre active
site. Left: the covalent intermediate between
Tyr324 and the 3′ phosphate of G4. Right:
the inactive conformation of the other subunit
(see text). Hydrogen bonds are shown in pink.
B. (b) A view of the Cre–lox synaptic complex
looking down the pseudo four-fold axis
through the center of the square-planar
Holliday junction. For simplicity, the amino-
terminal domain (residues 1–129), which
binds in front of the DNA in this view, has
been deleted; N marks residue 130. Note the
covalently attached pair of tyrosines (blue
subunits). The free 5′ ends that form the sides
of the square are one nucleotide shorter than
a normal cleaved (non-suicide) substrate.
Note also how the carboxyl terminus of each
monomer invades the region close to the
active site of its (counter clockwise) neighbor,
indicating the possibility of trans action if a
tyrosine nucleophile were suitably located. (c)
A view of the HP1 integrase dimer down the
dyad axis, aligned to show the similarity to the
Cre synaptic complex. Note the remarkable fit
to the red pair of diagonally opposed (and
disconnected) Cre subunits. The pale colored
helices are those with the HR portion of the
triad. In each case, the docking site for the
carboxyl terminus of the adjoining monomer is
similarly located, although the carboxy-
terminal polypeptides approach from different
angles: from across the ‘diagonal’ in HP1
integrase, but from around the square in Cre.
A satisfying feature of this strand exchange model is that it
readily explains the requirement for sequence identity
between the two overlap regions. The traditional view is
that this sequence identity allows the Holliday junction
formed at one end of the overlap region to move by
branch migration to the other end for resolution [20,21];
but this view has been challenged recently [19]. In the
structure-based model, lack of sequence identity would
not be sensed until after synapsis and the first cleavages.
The initiating cleavage melts the three proximal base
pairs of the overlap region and the two most 5′ bases will
be subjected to a complementarity test before completion
of the first pair of strand exchanges; lack of complementar-
ity is likely to block further progress by failing to correctly
position the attacking 5′ OH (and may drive the reaction
back to the beginning). The other half of the overlap
region would be subjected to the same test during resolu-
tion of the Holliday junction; again, lack of complementar-
ity would be likely to block resolution and freeze the
Holliday intermediate. Experiments with λ integrase have
demonstrated the presence of both homology sensing
steps [15,20]; however, in the structural model, branch
migration is not a contributing factor. 
From my (perhaps myopic) viewpoint, the Cre–lox struc-
ture is unusually satisfying, providing far more answers to
difficult questions than we in the recombination field
have come to expect. Tantalizing questions remain,
however, and here are some of them. Is the form of Cre —
a monomer in solution — that binds to a single lox site the
same asymmetric dimer seen in the crystal, or is it a sym-
metric dimer (as seen in the crystals of HP1 integrase) that
would need to rearrange upon synapsis? Are the elements
of the square planar synaptic structure first formed when
each DNA site is bound by the recombinase, or is synap-
sis, or even strand cleavage, required? Are the alternative
folds seen for the carboxy-terminal regions of the four pro-
teins artifacts of the crystallography, or do they reflect a
somewhat different way of achieving active site assembly,
dimer/tetramer formation, or even, in the case of FLP,
action of the tyrosine nucleophile in trans ? In the light of
the troubling discrepancy between biochemical experi-
ments and the structural picture, does the cis versus trans
question need to be revisited? Do the results obtained
with Cre have any relevance to resolvase and its relatives?
Much has been revealed but much remains to be learned. 
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